The objective of this study was to triboelectrostatically separate artificial plastic mixture of three kinds of components (i.e. ABS, PS and PP mixture). The mixture is charged by friction in tribo-cyclone. After a given period of time inside the tribo-cyclone, the charged plastic flakes fell down freely through a horizontal electric field into collection bins. The DC electric field of maximum 400 kV/m is created by using two parallel plate electrodes made of Cu and having a given cross-section configuration. The plastic flakes of the mixtures are drawn to either positive or negative electrode according to the polarity of the charge and are separated by falling in different bins. The purification of three-component mixture is accomplished by a two-step triboelectrostatic process. Separation tests in a batch laboratory triboelectrostatic separator showed that the efficiency of the separation is strongly depended on tribocharging time, air inlet velocity, and electric field strength. Products of ABS, PS and PP with a grade of 92.1%, 84.9% and 90.0% respectively have been achieved with recoveries above 73.0%.
Introduction
The world is moving steadily into the age of conservation with recycling as an integral part. And yet recycling is not new. But it truly came into its own with an industrial revolution. Without recycling, the circle merely becomes a series of events without a logical solution. Potentially useful materials become a hazard rather than being retained as a resource.
Plastic recycling is an important component in the recycling system, considering that the production of plastic products increases constantly year after year. According to Japan Plastics Industry Federation, 1) production of plastic materials amounted to more than 14.7 million tons in 2000, of which polystyrene and polypropylene represented 9% and 18%, respectively. This in turn will presumably increase the amount of plastic waste without considering recycling.
There are many kinds of plastics in wide use today including polyvinyl chloride (PVC), polyethylene terephthalate (PET), polyethylene (PE), polycarbonate (PC), etc. Other common examples are the acrylonitrile-butadiene-styrene (ABS), polystyrene (PS) and polypropylene (PP) used in the production of electric appliances. It is necessary that for industrial application of plastic recycling, the grade of the raw material be higher than 99.5%. As the raw mixture usually includes different types of plastics, this makes the separation of the plastics prior to their subsequent recycling an important process.
Recently, plastics recycling technology has made good progress in developing different separation methods. Flotation, [2] [3] [4] [5] and sink-float 6, 7) separation techniques are well known wet methods for plastic separation. Otherwise, electrostatic separation, a dry separation technique that utilizes the electrical charging of particles, has been mainly developed for the mineral beneficiation. [8] [9] [10] However, many kinds of plastic have been separated with high purity by electrostatic separation using friction mixer with rotary blades, 11) fluidized-bed triboelectrification, 12) or by using vibrating feeder and electrostatic high voltage generator, 13) etc.
Triboelectrostatic separation is an effective process for the separation of a mixture of particles with minute differences in surface potential values and specific gravity of its constituents. Though the processing is done with high voltage, the total power consumption is very low, because the current is limited to few milliamperes. Electrical energy is mainly consumed for tribocharging. Being a dry method, electrostatic separation has a clear advantage over wet techniques because it requires less energy and no chemical pretreatment of the sample. Furthermore, some potential problems associated with wet methods, such as treatment of water from the process for reuse or discharge, the requirement of expensive wetting reagents, and most importantly, dewatering the mixture after separation, can be avoided.
Experimental

Apparatus and method
It is a well-known fact that the electrostatic process separates materials utilizing forces acting on charged particles in an electric field. The particles are separated because their motion in an electric field depends on their charge-to-mass ratio. Therefore, in any triboelectrostatic separation process, a process by which the individual flakes are charged electrically and a source of electrical potential to generate the electric field are needed.
In this contribution a three-component plastic mixture is purified by using the triboelectrostatic separation system, which employed a tribo-cyclone and a high voltage supply, (Fig. 1) . The system consists of five components: a tribocyclone, a separation unit (electrodes), collection unit, a blower and a feeder. It is installed inside a humidity and temperature control chamber (ESPEC type TBL-3HAO-GAC) with the capability to vary the relative humidity between 5% and 95% and the temperature between 278 K and 328 K. Therefore, the air relative humidity (RH/%) and temperature (T/Kelvin, K) are easily monitored. The apparatus used for the triboelectric charging and separation of mixed plastics has already been described in detail in a previous paper. 14) At first, the plastic feed is dispersed in a current of air provided by a blower and introduced into the tribo-cyclone through its tangential entry. The air inlet velocity, v, is regulated by a rheostat (TOSHIBA Volt-slider Slidac S110) connected to the blower and measured by an anemometer (Kanomax Anemomaster Model 24-6131). The air is used to transport the mixture in cyclone and frictionally charge the plastic flakes against the cyclone's inner wall. A 20 mesh (0.84 mm) screen is placed at the top of the cyclone to prevent any flakes from overflowing. The separation unit has two high voltage electrodes made of copper (Cu). The electric field, E, between the two electrodes is produced by employing a DC power source. The DC power source applied to the electrodes up to AE20 kV thus producing an electric field of 400 kV/m. The output current of DC power source was in the range of few milliamperes.
Considering the forces acting on a charged particle falling due to the gravity in the area between the vertical-plate electrodes, it can be found that the electric field strength to the electrodes is a function of the surface potential, size and density of the particle. 14) In other words, the trajectories of the plastic flakes under the influence of the electric field depend on magnitude of their surface potential, polarity of charge and size. Knowing the maximum electric field strength that the DC power source can apply to electrodes without causing electric breakdown and the magnitude of the surface potential acquired by the plastic flake of known density, the maximum size of flake that can be electrostatically deflected towards the electrodes can be calculated.
Plastic mixture studied
The separation process is investigated for three-component mixtures of ABS, PS and PP. Initially, the components of artificial mixture are chopped into flakes with a shredder provided by Nissui Kako Co. LTD of Japan (Nissui Scutter, type: SA-22) and classified by their size. In Table 1 each plastic component is tabulated with its physical properties. Flake size is determined by screen analysis, whereas density, , is measured using pycnometer and ethanol ( ¼ 789{791 kg/m 3 ) as relative substance. The tests are carried out with plastic flakes of irregular shapes and 1.68-2.38 mm (À8 þ 10 mesh) in size. It is important to state that the size of plastic flakes employed in this experimental work, is smaller than the calculated maximum size (2.42 mm) that the given system can triboelectrostatically separate. A non-contacting type electrostaticvoltmeter (TREK Model 523) is employed to measure the surface potentials, V s , of the polymer flakes. The instrument can measure the surface potentials from 0 AE 20 kV.
The difference in colour between plastic types allowed easy hand-sorting and visual analysis of the product streams (Fig. 2) . No special treatment of the materials is done prior to the experiment. During each run of experiment, a batch size of approximately 6 g of plastic mixture is processed.
Results and Discussions
Factors affecting triboelectrostatic separation
The results of the triboelectrostatic separation tests have indicated the importance of many factors influencing the process. A list of the most important variables affecting separation is as follows:
1. The tribocharging time, t, i.e. mixing time, 2. The velocity of air which enters the cyclone through its tangential entry, v, 3. Material of the cyclone inner wall i.e. charging surface, 4. Air relative humidity, RH, and temperature, T, 5. Electric field strength in the area between electrodes, E. To illustrate the influence of tribocharging time, t, the surface potential of each component of the mixture is measured after various times, while PET is used as contact material. During each run, the air entered the cyclone at velocity of 15.5 mÁs À1 . The temperature and the air relative humidity are regulated at 297 K and 50% respectively.
The results depicted in Fig. 3 have demonstrated that ABS flakes are charged positively after contacted with a PET surface, whereas PS and PP flakes are charged negatively despite the fact that initially (i.e. t ¼ 0 s) plastic components of the mixture had small differences in surface potential values. It was observed that for all component of the mixture, there was an increase in the magnitude of surface potential with increasing tribocharging time. This was likely due to increasing probability of friction between plastic flakes and the inner wall of the cyclone.
Additionally, the surface potential of each component of the mixture is measured at varying air inlet velocities. The batch is tribocharged for 60 s using a PET lined cyclone. The tests are conducted inside a chamber controlled at temperature of 297 K and air relative humidity of 50%. Figure 5 shows that a rise in air inlet velocity caused an increase in the magnitude of the surface potential acquired by plastic components.
Moreover, Figs. 4 and 6 illustrate the mass of each plastic component adhered to the cyclone as a function of tribocharging time and air inlet velocity respectively. It can clearly be seen that the mass of plastics adhered to the cyclone increased sharply as the tribocharging time is lengthened or the air inlet velocity is increased. Referring to the Figs. 4 and 6, it can also be seen that the mass adhered by each plastic component of the mixture is different. This was due to the fact that the charge-to-mass ratio of each plastic is different (Figs. 3, 5 and Table 1 ). Despite this fact, the mass of ABS adhered to the cyclone was relatively higher than that of PP as ABS flakes attained positive charge by rubbing against cyclone inner wall and the negatively charged flakes of PS and PP simultaneously. This in turn improved the tribocharging of ABS flakes due to a larger area of contact. Considering the results depicted in Figs. 3-6 , an upper limit of tribocharging time and air inlet velocity should be set due to the static adhesion.
On the other hand, the details of the other variables that are listed above (such as air relative humidity, temperature, electric field strength, etc.) and their effect on triboelectrostatic separation efficiency of a plastic mixture are discussed elsewhere. 14) 3.2 Triboelectrostatic separation of ABS, PS and PP mixture The purification of three-component mixture is accomplished by the experimental procedure depicted in Fig. 7 . In the beginning, the shredded mixture is screened in order to classify the flakes in accordance to their size. Following that, each component (ABS, PS and PP) of the plastic mixture is recovered by a two-step triboelectrostatic separation process (Fig. 7) .
During the first step of separation, the three-component plastic mixture is tribocharged by a tribo-cyclone with a PET inner wall (i.e. contacting surface), while the air inlet velocity is maintained 15.5 mÁs À1 . After 60 s of mixing time inside the cyclone the flakes are allowed to drop in the area between electrodes (E ¼ 240 kV/m). The temperature and air relative humidity are maintained at 303 K and 49% respectively. At the end of this process, the ABS flakes are charged positively and collected on the bins next to the negative electrode, whereas the PS and PP flakes are charged negatively and collected on the opposite side bins next to the positive electrode.
Subsequently, the fraction of PS and PP is processed in a second step of separation, while the tribocharging is accomplished by using a cyclone with PE inner lining. Air entered the cyclone at the constant velocity of 19 mÁs À1 and frictionally charged the mixture for 60 s. After the separation in the presence of the electric field (E ¼ 400 kV/m), the positively charged PS flakes are collected in the bin next to the negative electrode, whereas the negatively charged PP flakes are collected on the opposite side bin next to the positive electrode.
At the end of the two-step process, the separated plastic fraction of ABS, PS and PP are obtained (Fig. 7) . It can be noted that the air inlet velocity and electric field strength applied during the first step of the process are smaller than the respective ones applied during the second step. This was due to the fact that ABS flakes (which are separated during the first step) can easily attain sufficient charge while they are rubbed against the inner wall of cyclone (PET material) and the oppositely charged flakes of PS and PP at the same time. Therefore, the ABS flakes exhibited an easier deflection towards the negative electrode, when they are conveyed through the electrostatic field. In turn, during the first step of the process the applied air inlet velocity and electric field strength can be reduced.
Subsequently, typical separation of the first and second of process are presented. The reproducibility of the results was very good, as it is verified by repeating the separation tests many times.
Typical separation of the first step of process
The collection of the first step of separation is given in Fig. 8 . It will readily be seen that bins ''b5'' (next to the negative electrode) collected purified ABS, whereas bin ''b1'', ''b2'' and ''b3'' collected negatively charged PS and PP flakes. The fraction collected in the ''b4'' (i.e. ''middlings''), which does not have the necessary purity, may be reprocessed in one or more subsequent stages. It is expected that repassing the ''middlings'' through the apparatus could substantially increase the recoveries as well as the grades of products getting near the requested grade for material recycling (99.5%).
Purification curves of ABS constituent of the three- component mixture are derived from the experimental results presented in Fig. 8 (Fig. 9) . The data are depicted in terms of cumulative grade and cumulative recovery. Referring to Fig. 9 , the choice of the material collected in bin ''b5'' gave an ABS-grade of approximately 92.1% while the recovery is almost 73.0%.
Typical separation of the second step of process
The negatively charged fraction, which is obtained from the first step of separation that is collected in bins ''b1'', ''b2'' and ''b3'', is further processed in the subsequent step of triboelectrostatic separation (Fig. 7) .
Collection of the second step of the separation is exemplified in Fig. 10 . The PP flakes are charged negatively and are collected in the bins ''b1'' and ''b2'' next to the positive electrode, while the PS flakes are charged positively and are mainly collected in the bins ''b4'' and ''b5'' next to the negative electrode. However, it can be seen that PS fraction is contaminated by some ABS flakes, which are conveyed from the first step of separation process (Fig. 10) .
Considering the results graphed in Fig. 10 , bin named ''b4'' and ''b5'' collected PS with a grade of 80.2% and 87.4% respectively, whereas bin ''b1'' and ''b2'' collected PP material of 92.9% and 83.9% grade respectively. Figures 11 and 12 show curves of purification results for PS and PP constituent respectively. Figure 11 shows that the choice of the material collected in bins ''b4'' and ''b5'' gave a PS-grade of 84.9% and recovery of 74.1%. Moreover, the choice of the material collected in bin ''b1'' and ''b2'' gave a grade of 90.0% and recovery of 75.0% of PP (Fig. 12) .
Triboelectric series
A base for the electrostatic separation of a binary mixture can be created if constituents of the mixture acquire charges of opposite polarities. The measure of polarity is the triboelectric series.
11)
The experimental results of this contribution and other reported earlier 14) lead to the following sequence: (Positive end ''þ'') ABS-PC-PET-PS-PE-PP-PVC (Negative end ''À'') When two non-successive plastics in this sequence are rubbed against a plastic positioned between them, (which is the contacting surface), the plastic on the left is charged positively and the one on the right is charged negatively. For instance, when ABS and PS are rubbed against PET surface, ABS is charged positively and PS negatively.
Hence, for the triboelectrification of a mixture it will be preferable to use for contact surface, a material that in the triboelectric series is classified between the two materials in the mixture to be separated.
Conclusions
The triboelectrostatic separation is a dry technique, i.e. no dewatering or drying of finished product is necessary. This technique has been employed to charge and subsequently separate the components of the three-component plastic mixture with small differences in specific gravity and surface potential values prior to tribocharging.
The separation of mixture is accomplished by a two-step triboelectrostatic process. The triboelectrostatic separation is strongly depended on the magnitude of surface potential acquired by each component of the mixture during tribocharging and the electric field strength between electrodes. Considering the results, the tribocharging time and air inlet velocity should be carefully adjusted at an appropriate level. This in turn improve tribocharging and separation results at the same time.
Products of ABS, PS and PP with a grade of 92.1%, 84.9% and 90.0% respectively have been achieved with recoveries above 73.0%.
